Whether heart rate change is associated with cardiovascular disease (CVD) in the general population is unclear. We conducted a prospective cohort study to assess the association of resting heart rate and its change with incident CVD in the middle-aged and older Chinese. Resting heart rate was measured during the baseline survey (September 2008 to June 2010) and the resurvey (2013). Incident CVD was followed up until December 31, 2016. Finally, a total of 20,828 participants were included in the analyses of baseline heart rate and 9132 participants were included in the analyses of heart rate change. the associations of baseline heart rate and heart rate change with incident CVD were assessed with multivariable Cox proportional hazards models. Compared with moderate baseline heart rate (65 to 80 bpm), low baseline heart rate (<65 bpm) was associated with higher risk of CVD (HR, 1.19; 95% CI, 1.07-1.32). Compared with stable heart rate (−5 to 15 bpm) in the moderate baseline heart rate group (65 to 80 bpm), an increase of heart rate (>15 bpm) in high baseline heart rate group (>80 bpm) (HR, 1.67; 95% CI, 1.02-2.71) or a decrease of heart rate (<−5 bpm) in low baseline heart rate group (<65 bpm) (HR, 2.48; 95% CI, 1.27-4.82) was associated with higher risk of CVD. In conclusion, low resting heart rate is associated with higher risk of CVD. Both continuous increase in high baseline heart rate and decrease in low baseline heart rate are associated with higher risk of CVD.
As a low-tech indicator of cardiac function, resting heart rate reflects the balance of sympathetic and parasympathetic activity 1 . Heart rate is an important determinant of cardiac rhythm 2 as elevated heart rate has been shown to be associated with cardiovascular disease (CVD) incidence 3, 4 and mortality 3 in the general population. The Framingham study included 4058 participants without known cardiovascular disease, and they found that per 1-standard deviation (SD) (11 bpm) elevated heart rate was associated with higher risk of CVD and mortality over 20 years follow-up 3 . An elevated heart rate has also been associated with poorer prognosis in patients with hypertension 5 or acute coronary syndrome (ACS) 6 . Paul et al. found elevated heart rate was associated with higher risk of all-cause mortality among 4065 hypertensive patients 5 . These studies only measured resting heart rate once, while resting heart rate experiences fluctuation over time.
Resting heart rate is modifiable under the influence of many factors, including age, gender, race, genetic factors, blood pressure, blood lipid, blood glucose, physical activity, smoking and alcohol 1 . In studies of the general population, an increase in heart rate from preceding visit was associated with higher risk of mortality 7, 8 . The ARIC study included 15,680 participants, and suggested that every 5-bpm increases in heart rate was associated with 12% higher risk of all-cause mortality 7 . In studies of patients with hypertension or heart failure (HF), an increase in heart rate was associated with increased case fatality 5, 9 . The CHARM study included 7599 patients with HF, and found that every 5-bpm increases in heart rate was associated with 9% higher risk of all-cause mortality 9 . Furthermore, heart rate reduction was associated with improved prognosis in patients with coronary heart disease (CHD) or HF 10, 11 . Modifiable resting heart rate is a low-tech predictor of adverse outcomes in patient Association of baseline heart rate and change of heart rate with outcomes. During Table 1 . Basic characteristics of participants by baseline heart rate and change of heart rate. Abbreviations: BMI, body mass index; CVD, cardiovascular disease. a For linear trend, regression analyses were used for continuous variables; χ 2 tests were used for proportions of categorical variables. b Current smoker was defined as smoking at least one cigarette per day for more than half a year. Former smoker was defined as quitted smoking for more than a month. c Current drinker was defined as drinking at least one time per week for more than half a year. Former drinker was defined as quitted drinking for more than a month.
d Physical activity was defined as exercise for at least 20 min per week for more than half a year. e CVD family history was defined as CHD or stroke in a first degree relative (father, mother, siblings, or children). www.nature.com/scientificreports www.nature.com/scientificreports/ a moderate baseline heart rate, a low baseline heart rate was associated with higher risk of CVD (HR, 1.19; 95% CI, 1.07-1.32), CHD (HR, 1.22; 95% CI, 1.08-1.37) and ACS (HR, 1.34; 95% CI, 1.12-1.61), but was not associated with the risk of stroke and mortality. Low baseline heart rate was associated with higher risk of CVD (HR, 1.22; 95% CI, 1.06-1.40), CHD (HR, 1.28; 95% CI, 1.09-1.50) and ACS (HR, 1.39; 95% CI, 1.09-1.76) in men, however, the associations were not significant in women. High baseline heart rate was associated with higher risk of all-cause mortality (HR, 1.37; 95% CI, 1.17-1.61) and cardiovascular mortality (HR, 1.64; 95% CI, 1.18-2.27), but was not significantly associated with the risk of cardiovascular events (Table 2) (Suppl. Table 6 ). Low baseline heart rate, higher BMI, current smoking, diabetes, hypertension, hyperlipidemia was associated with higher risk of CVD. High education level was associated with lower risk of CVD (Suppl. Table 7 ). Restricted cubic spline plots indicated that a baseline heart rate below 65 bpm relative to a value of 73 bpm was associated with higher risk of CVD (Fig. 1a ). There were no clear differences in associations of baseline heart rate with CVD according to strata of smoking status, alcohol intake status, with or without diabetes, hypertension, hyperlipidemia (Suppl. Table 8) .
During a mean (SD) of 3.4 (0.7) years of follow-up, 1090 CVD events were documented among 9132 participants. Compared with a stable heart rate, an increase in heart rate was associated with higher risk of all-cause mortality (HR, 1.54; 95% CI, 1.08-2.19) and cardiovascular mortality (HR, 2.69; 95% CI, 1.43-5.05), but was not associated with the risk of cardiovascular events. Decrease in heart rate was not significantly associated with the risk of cardiovascular events and mortality. (Table 3 ) (Suppl. Table 9 ). Higher BMI, current smoking, diabetes, hypertension, hyperlipidemia was associated with higher risk of CVD (Suppl. Table 10 ). Restricted cubic spline plots also indicated that increase or decrease in heart rate relative to 0 bpm was not associated with risk of CVD (Fig. 1b) . There were no clear differences in associations of change of heart rate with CVD according to strata of smoking status, alcohol intake status, with or without diabetes, hypertension, hyperlipidemia (Suppl. Table 11 ).
Compared with stable heart rate in moderate baseline heart rate group, an increase in heart rate in high baseline heart rate group was associated with higher risk of CVD (HR, 1.67; 95% CI, 1.02-2.71), but was not associated with risk of ACS (HR, 0.78; 95% CI, 0.19-3.16). A decrease in heart rate in low baseline heart rate group was associated with higher risk of CVD (HR, 2.48; 95% CI, 1.27-4.82) and stroke (HR, 6.17; 95% CI, 2.23-17.12), but was not associated with risk of ACS (HR, 1.78; 95% CI, 0.43-7.30) (Suppl. Table 12 and Fig. 2 ).
Discussion
In this large population-based cohort of the middle-aged and older Chinese, we found that low baseline heart rate was associated with higher risk of CVD, CHD and ACS, high baseline heart rate was associated with higher risk of mortality after adjustment of established confounders. Increase in heart rate was associated with higher risk of mortality, however, we did not find any significant association of change of heart rate with cardiovascular events. Both continuous increase in high baseline heart rate and decrease in low baseline heart rate were associated with higher risk of CVD.
Reduced heart rate precedes advanced conduction system, which associated with cardiovascular events 3 . The CRUSADE study, a prognostic study conducted among 139,194 patients with non-ST-segment elevation acute coronary syndromes (NSTE-ACS), showed that the lowest heart rate group (≤50 bpm) had 61% increased risk of in hospital mortality compared with the reference group (60 to 69 bpm) 6 . Consistent with the findings, we found that low baseline heart rate was associated with an elevated risk of CVD, CHD and ACS. The magnitude of risk of ACS was greater than other cardiovascular events. The CRUSADE study was focused on in hospital mortality of patients with NSTE-ACS. Our analyses confirmed and expanded these findings to a comprehensive assessment of cardiovascular events in the general population. We also found the association was stronger in men than in women, due to higher incidence of CVD and smaller variability of heart rate in men 4 . Elevated heart rate is associated with an increased risk of cardiovascular events and mortality, with increased sympathetic activity as a proposed mechanism 2 . The Framingham study indicated there was a positive association of resting heart rate with incident CVD and mortality 3 . We also found high baseline heart rate was associated with higher risk of mortality. Mao et al. included participants ≥40 years and free of cardiovascular disease, found that the highest heart rate group (>90 bpm) had 32% increased risk of CVD in men and 23% in women compared with the lowest heart rate group (<60 bpm) 4 . We did not find any significant association of high baseline heart rate with cardiovascular events. The average age of participants in this study was older than the Mao et al. studies. Given the elderly are more susceptible to chronotropic insufficiency, the associations of high baseline heart rate with cardiovascular events are likely to be weaker in the elderly 12 . The mean value of the highest heart rate group in this study (89 bpm) was lower than the value in the Mao et al. study (96 bpm). Another potential explanation might be there is a high threshold beyond which resting heart rate is associated with higher risk of CVD. A meta-analysis of 46 prospective cohort studies also found a significantly increased risk of cardiovascular mortality at the threshold of 90 bpm 13 . An increase in heart rate reflects increased sympathetic activity through the development of subclinical underlying cardiovascular events, while a decrease in heart rate reflects improving cardiac function, physical fitness, and lower sympathetic tone 7 . Increase in heart rate is associated with higher risk of mortality, while the findings regarding relation of decrease in heart rate with mortality is inconsistent 7, 8 . There was linear relation of change of heart rate with all-cause mortality in the ARIC study 7 . The HUNT study was conducted among 29,325 participants without known cardiovascular disease. They prospectively found that an increase in heart rate was associated with increased risk of ischemic heart disease mortality, while a decrease in heart rate showed no benefit 8 . In consistent with the HUNT study, we found increase in heart rate was associated with higher risk of cardiovascular mortality and mortality. However, we did not find any significant association of change of heart rate with cardiovascular events. As cardiovascular mortality is the worst outcome of cardiovascular events, the associations of change of heart rate with cardiovascular events may be stronger in severe cases.
Both continuous increase in high baseline heart rate (mean value from 88 bpm to 111 bpm) and decrease in low baseline heart rate (mean value from 61 bpm to 52 bpm) were associated with higher risk of CVD. There was www.nature.com/scientificreports www.nature.com/scientificreports/ www.nature.com/scientificreports www.nature.com/scientificreports/ a J-shaped relationship of heart rate and CVD. Participants of this study were general, middle-aged and older Chinese (we have excluded participants with cardiovascular disease and those taking anti-hypertensive medications), resting heart rate was relatively low. The mean value of the highest heart rate group in this study (89 bpm) was lower than the high threshold, so we did not find significant association of high baseline heart rate with CVD. The mean value of the lowest heart rate group in this study (60 bpm) was lower than the low threshold, so we found significant association of low baseline heart rate with CVD.
Current evidence is insufficient to assess whether screening resting heart rate would result in a change in risk management and ultimately reduce cardiovascular events in asymptomatic adults at intermediate or high risk of cardiovascular events 14 . Our observation adds to the evidence that monitoring and tracking resting heart rate would provide a practical approach to manage the risk of CVD in the middle-aged and older Chinese. Further studies are needed that assess the value of adding resting heart rate to CVD risk assessment tools or instruments to directly inform decision making in general population. Hazard ratios were stratified for age at risk, gender, and adjusted for years of recruitment (2008) (2009) (2010) 2013 ), BMI, smoking status, alcohol intake status, education, physical activity, hypertension, hyperlipidemia, family history of CVD, diabetes. Figure 1 . Association of baseline heart rate or change of heart rate with CVD. The adjusted cubic spline model demonstrates the flexible association of baseline heart rate with CVD (a), when median value of baseline heart rate is taken as the reference (73 bpm). The association of change of heart rate with CVD (b), when no change of heart rate is taken as the reference (0 bpm).
www.nature.com/scientificreports www.nature.com/scientificreports/ Continued www.nature.com/scientificreports www.nature.com/scientificreports/ The mechanism of heart rate on cardiovascular events is likely to be multifactorial. On one hand, heart rate may directly contribute to cardiovascular risk. Elevated heart rate could increase hemodynamic stress and shorten the diastolic phase, which could then increase tensile stress, low and oscillatory shear stress, thereby promoting oxygen consumption; these direct detrimental effects could cause coronary atherosclerosis and myocardial ischemia 2, 15 . Decreased heart rate could also cause dispersion of atrial repolarization which, in turn, initiate cardiovascular events 2 . On the other hand, heart rate may reflect other underlying processes leading to cardiovascular events. For instance, elevated heart rate reflects increased sympathetic activity 16 , which is linked to an increased risk of obesity, diabetes, hyperlipidemia and hypertension 17 .
The main strengths of this study include a novel approach is used to evaluate the joint effect of baseline heart rate and change of heart rate with CVD. This approach uses heart rate data from two surveys and relating these to cardiovascular events. To our knowledge, few studies use this approach to assess the associations of heart rate with cardiovascular events. Moreover, we split each participant's follow up time into 5-year age-at-risk bands. The effect of age during the study (age-at-risk) is more appropriate because it determines current risk rather than age recorded at the start of the study (age-at-baseline) 18 . There are several limitations that need to be addressed in this study. Firstly, this study is an observational study, and thus the ability to make causal inferences is limited. Secondly, it is lack of information on medications or other medical treatment which would influence heart rate. Given that we have excluded participants with cardiovascular disease and those taking anti-hypertensive medications, these confounding factors may show minor influence on the results. Thirdly, some studies use the time updated approach to calculate actual change in heart rate by repeated measurement 7 , while, we only assess heart rate twice. Finally, ultrasound echocardiography was not performed at two surveys. Given that we have excluded most heart diseases that can affect heart rate. Furthermore, participants with suspected CHD undertook ultrasound echocardiography at hospital to help diagnosis. So, it would not dramatically affect the results of this study.
In conclusion, low resting heart rate is associated with higher risk of CVD. Both continuous increase in high baseline heart rate and decrease in low baseline heart rate are associated with higher risk of CVD. The availability of easily monitoring and tracking resting heart rate would provide a practical approach to manage the risk of CVD in the middle-aged and older Chinese. Table 3 . Adjusted hazard ratios (HRs) for cardiovascular events by change of heart rate in men and women. Abbreviations: CVD, cardiovascular disease; CHD, coronary heart disease; ACS, acute coronary syndrome; AHR, adjusted hazard ratio.
a Hazard ratios were stratified for age at risk, gender, and adjusted for baseline heart rate, BMI, smoking status, alcohol intake status, education, physical activity, hypertension, hyperlipidemia, family history of CVD, diabetes.
Figure 2.
Adjusted hazard ratios (HRs) for CVD according to baseline heart rate and change of heart rate category. Baseline heart rate was categorized as low (<65 bpm), moderate (65 to 80 bpm), high (>80 bpm). Change of heart rate was categorized as decrease (more than 5 bpm), stable (−5 to 15 bpm), increase (more than 15 bpm). Hazard ratios were stratified for age at risk, gender, and adjusted for BMI, smoking status, alcohol intake status, education, physical activity, hypertension, hyperlipidemia, family history of CVD, diabetes.
www.nature.com/scientificreports www.nature.com/scientificreports/ Methods study population. The design of Dongfeng-Tongji (DFTJ) cohort has been described previously 19 . In brief, a total of 27,009 retired employees were enrolled in the baseline survey, completed questionnaire interview and clinical measurements between September 2008 and June 2010. The resurvey in 2013 enrolled 38,295 participants, while 24,175 of them participated in both surveys (overall response rate was 90%) and 14,120 of them were newly enrolled in the resurvey. They completed questionnaire interview and clinical measurements as those in the baseline survey. The mean (SD) of time interval between two surveys was 4.6 (0.2) years.
Among the 27,009 participants who were enrolled in the baseline survey, a total of 12,904 participants were excluded due to the following reasons: loss to follow-up (n = 709), self-reported of physician diagnosed CHD (n = 4739), cancer (n = 1631), stroke (n = 1472), with atrial fibrillation (n = 242), atrial flutter (n = 5), pre-excitation syndrome (n = 14), pacemaker rhythm (n = 32), frequent premature ventricular contractions (n = 22), missing information on heart rate (n = 868), with anti-hypertensive medications (n = 4773), and heart rate >130 bpm (n = 8). Among the 14,120 participants who were newly enrolled in the resurvey, a total of 7397 participants were excluded due to the following reasons: self-reported of physician diagnosed CHD (n = 991), cancer (n = 551), stroke (n = 500), with atrial fibrillation (n = 76), atrial flutter (n = 2), pre-excitation syndrome (n = 6), pacemaker rhythm (n = 7), frequent premature ventricular contractions (n = 6), missing information on heart rate (n = 3255), with anti-hypertensive medications (n = 3099), and heart rate >130 bpm (n = 29). Therefore, 20,828 participants were included in the analyses of baseline heart rate (Suppl. Fig. 1a ). The excluded participants had higher prevalence of hypertension, diabetes and hyperlipidemia than those who were included (P < 0.05) (Suppl. Table 1 ). Participants with anti-hypertensive medications had higher baseline heart rate than those without anti-hypertensive medications (P < 0.05) (Suppl. Table 2) .
Among the 24,175 participants who participated in both the baseline survey and the resurvey, a total of 15,043 participants were excluded due to the following reasons: diagnosed CHD (n = 5773), cancer (n = 2047), stroke (n = 1906), with atrial fibrillation (n = 310), atrial flutter (n = 7), pre-excitation syndrome (n = 16), pacemaker rhythm (n = 57), frequent premature ventricular contractions (n = 44), missing information on heart rate (n = 4248), with anti-hypertensive medications (n = 3572), and baseline heart rate >130 bpm (n = 3). Therefore, 9132 participants were included in the analyses of heart rate change (Suppl. Fig. 1b ). The excluded participants had higher prevalence of hypertension, diabetes and hyperlipidemia and higher baseline heart rate than those who were included (P < 0.05) (Suppl. Table 3 ).
The study was approved by the Ethics and Human Subject Committees of the Tongji Medical College. All the methods in the present study were carried out in accordance with the approved guidelines. All participants provided written informed consents.
Baseline heart rate and calculation of change of heart rate. Resting heart rate was measured using standard supine 12-lead electrocardiography (Cardiofax ECG-9020P), which was performed after approximately 5 minutes of rest. Baseline heart rate was the first available heart rate value for each participant over the course of study. Change of heart rate was calculated by subtracting the heart rate value in the resurvey from the value in the baseline survey. Baseline heart rate was categorized as low (<65 bpm), moderate (65 to 80 bpm), high (>80 bpm), according to integral values near 20th and 80th percentiles. Change of heart rate was categorized as decrease (more than 5 bpm), stable (-5 to 15 bpm), increase (more than 15 bpm), according to integral values near 20th and 80th percentiles.
Ascertainment of outcomes.
We tracked participants' morbidity and mortality records through health-care service system. An expert panel of physicians reviewed medical insurance documents, hospital records, and death certificates from the baseline survey to December 31, 2016 and confirmed cardiovascular events and mortality based on diagnosis criteria and International Classification of Diseases (ICD) codes of the WHO 20 . The number of CVD were calculated from the number of CHD or stroke, whichever came first. CHD was defined as stenosis ≥50% in at least one major coronary artery or death with CHD as the underlying cause (ICD-10 codes I20-I25) 21, 22 . ACS was severe type of CHD, including acute myocardial infarction (ICD-10 codes I21.0-I21.4) and unstable angina (ICD-10 codes I20.0, I20.1, I20.9) 23 . Stroke was defined as sudden or rapid onset of a typical neurological deficit of vascular origin that persisted more than 24 hours or death with stroke as the underlying cause (ICD-10 codes I60, I61, I63, I64, I69.0, I69.1, I69.3, I69.4), including ischemic stroke and hemorrhagic stroke 24 . Cardiovascular events included CVD, CHD, ACS, ischemic stroke, and hemorrhagic stroke. Cardiovascular mortality was defined as death with CVD (ICD-10: I00-I99). statistical analysis. Basic characteristics of the study population were described as frequencies with percentages for categorical variables and means with SDs or medians with interquartile ranges (IQRs) for continuous variables. Statistical differences between groups were compared using linear regression analyses for continuous variables and χ 2 tests for categorical variables. The associations of baseline heart rate and change of heart rate with outcomes were assessed with multivariable Cox proportional hazards models. The multivariable models were stratified for age at risk (in 5-year intervals) 18 , gender, and adjusted for established risk factors of CVD, including education, smoking status, alcohol intake status, physical activity, family history of CVD, BMI, hypertension, hyperlipidemia, diabetes. In addition, we adjusted for baseline heart rate when modeling for change of heart rate. Missing data of covariates were handled by following imputation approaches. For continuous covariates, an extra binary variable identifying which observation on that data were missing was additionally adjusted and the missing values were replaced with the median of the observed values for that variable. For categorical covariates, an extra category was added indicating missingness 25 . Proportional hazards assumptions were checked by Schoenfeld residuals. Results were presented as hazard ratios (HRs) with 95% confidence intervals (CIs). We used the restricted cubic spline with 4 knots (20th, 40th, 60th, 80th) to flexibly display the association between baseline heart rate and the hazards of developing cardiovascular event, with a reference value set at 73 bpm. For the change www.nature.com/scientificreports www.nature.com/scientificreports/ of heart rate, 0 bpm was used as the reference. We further conducted subgroup analyses to determine whether the associations of baseline heart rate or change of heart rate with cardiovascular events varied in different subgroups (smoking status, alcohol intake status, with or without diabetes, hypertension, hyperlipidemia). Finally, we categorized change of heart rate by baseline heart rate to assess the joint effect of baseline heart rate and change of heart rate with cardiovascular events. Two-sided P values were used and P < 0.05 denoted statistical significance. All analyses were performed using SAS version 9.3 (SAS Institute Inc), and R version 3.4.2 (R Foundation).
Data Availability
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